Aggressive natural killer (NK)-cell leukemia/lymphoma is a systemic NK-cell neoplasm that preferentially affects Asians with a fulminant clinical course and is almost always associated with Epstein-Barr virus (EBV). The data on EBV-negative aggressive NK-cell leukemia/lymphoma are limited. Here we report a series of three patients (two Caucasians, one African-American) with EBV-negative aggressive NK-cell leukemia/lymphoma from a single institution, including a case diagnosed on post-mortem examination. Similar to EBV-positive aggressive NK-cell leukemia/lymphoma, our patients presented with constitutional symptoms and hepatosplenomegaly, and followed a highly aggressive clinical course. The disease involved peripheral blood, bone marrow, liver, spleen, and lymph node, and the neoplastic cells were pleomorphic with prominent azurophilic granules and demonstrated an atypical NK-cell phenotype. Lack of blood lymphocytosis (3 of 3), bone marrow interstitial infiltration (2 of 3), EBER negativity (3 of 3), and atypical phenotype including CD3 negativity by immunohistochemistry make an early recognition of the disease difficult. Ancillary studies revealed a complex karyotype (1 of 2), overexpression (3 of 3), and amplification (1 of 1) of c-MYC. The polycomb repressive complex 2 pathwayassociated proteins EZH2 and H3K27me3 and immune checkpoint protein PD-L1 were overexpressed in three of three and two of three cases, respectively. Our findings indicate that the EBV-negative aggressive NK-cell leukemia/lymphoma shares similar clinicopathological features to the EBV-positive counterpart except for the high prevalence of Asian seen in EBV-positive cases. Overexpression of polycomb repressive complex 2 pathway-associated proteins and PD-L1 suggest potential therapeutic targets for this aggressive disease. Nextgeneration sequencing on two of three cases identified multiple genetic alterations but were negative for JAK-STAT pathway-associated gene mutations previously reported in EBV-positive NK/T-cell lymphoma, suggesting alternative molecular pathogenic mechanisms for EBV-negative aggressive NK-cell leukemia/lymphoma.
Aggressive natural killer (NK)-cell leukemia/lymphoma is a systemic neoplastic proliferation of NK cells that most commonly involves peripheral blood, bone marrow, liver, and spleen. Aggressive NK-cell leukemia/lymphoma has a highly aggressive clinical course and is often associated with multiorgan failure and hemophagocytic syndrome with a median survival of 2 months. 1 Aggressive NK-cell leukemia/lymphoma is characteristically associated with Epstein-Barr virus (EBV), and EBER positivity serves as an important diagnostic criteria for this entity. The data on EBV-negative aggressive NK-cell leukemia/lymphoma are limited. To the best of our knowledge, there have been 16 cases reported in the English literature, 2-9 often as single case reports or rare exceptions included in the studies of EBVpositive aggressive NK-cell leukemia/lymphoma. [2] [3] [4] [5] [6] [7] [8] A recent study of a series of seven cases has shown that the EBV-negative aggressive NK-cell leukemia/ lymphoma is indistinguishable clinically and pathologically from EBV-positive counterpart, 9 in contrast to some earlier reports suggesting that patients with EBV-negative aggressive NK-cell leukemia/lymphoma have a less aggressive clinical course and more favorable response to treatment. 2, 5, 7 Most of the studies on the pathogenesis of NK/ T-cell lymphomas were on extranodal NK/T-cell lymphoma, nasal type, or its cell line derivative, with very limited information on aggressive NK-cell leukemia/lymphoma. [10] [11] [12] Gene expression profiling of EBV-associated nasal-type NK/T-cell lymphoma identified a number of genes differentially expressed in the tumor cells, one of which encodes enhancer of zeste homolog 2 (EZH2), a trimethylated histone H3 lysine residue 27 (H3K27)-specific histone methyltransferase. EZH2 is a key component of the polycomb repressive complex 2 (PRC2) pathway, 11 and overexpression of EZH2 in nasal NK/T-cell lymphoma confers a growth advantage that is found to be mediated by MYC-induced micro RNAs. 12 Recently, overexpression of PRC2 pathwayassociated proteins has been found in various types of T-and NK-cell lymphomas, particularly those which are EBV associated, and is highly correlated with overexpression of c-MYC. 10, 12 Recurrent mutations have also been identified in EBVassociated extranodal NK/T-cell lymphomas, and mutations leading to the activation of the JAK-STAT pathway are shown to play a significant role in the pathogenesis of these neoplasms. In a recent study, Nicolae et al 9 performed limited sequencing on two cases of EBV-negative aggressive NK-cell leukemia/ lymphoma and found point mutations of STAT3 gene in both cases.
Here we report a series of three cases of EBVnegative aggressive NK-cell leukemia/lymphoma from our institution, including a case diagnosed on post-mortem examination. The clinicopathological features, including clinical presentations and outcomes, morphologic findings of peripheral blood, bone marrow, liver and spleen, immunophenotyping, cytogenetic studies, molecular and fluorescence in situ hybridization (FISH) analyses, were reviewed. Additionally, the expression of the key components of the PRC2 pathway EZH2 and H3K27, the potential activator of the PRC2 pathway c-MYC, and the immune checkpoint protein PD-L1 were also examined. We also performed next-generation sequencing using a comprehensive panel to evaluate potential molecular pathways involved in EBV-negative aggressive NK-cell leukemia/lymphoma pathogenesis.
Materials and methods

Case Selection
This study was approved by the Institutional Review Board of Northwestern University. Three cases that Table 1) . The associated ancillary studies, including immunohistochemical stains performed at the time of diagnosis, flow cytometric analysis on the peripheral blood and/or bone marrow aspirate and molecular analysis, were also reviewed. Additional immunohistochemical stains, molecular and FISH analysis were performed in this study and are further described.
Immunohistochemistry
Imunohistochemical stains were performed on the bone marrow core biopsy (cases 1 and 2), liver core biopsy (case 2), and bone marrow, liver, and spleen tissues from autopsy (case 3 
Molecular Analysis for T-Cell Receptor Gene Rearrangement
The PCR was performed to assess T-cell receptor (TCR) gamma chain gene rearrangement using the Invivoscribe TCRγ chain clonality assay (Invivoscribe Technologies, San Diego, CA, USA) and capillary electrophoresis (ABI 3130-I; Applied Biosystems, Carlsbad, CA, USA) according to the manufacturers' instruction. The PCR products from a clonal T-cell population produce a narrow spike on capillary electrophoresis. A population was considered clonal if the height of the spike was more than three times the height of the third highest peak in a given range of DNA fragment sizes.
Fluorescence In Situ Hybridization
Interphase FISH for c-MYC was performed on airdried, unstained bone marrow touch imprints (cases 1 and 2) and paraffin-embedded spleen tissue (case 3), using Vysis dual color break-apart c-MYC probes (Abbott Molecular, Des Plaines, IL, USA 
Results
Clinical Information
Patient 1 was a 67-year-old Caucasian male with a remote history of follicular thyroid carcinoma status post total thyroidectomy and radioactive ablation, celiac disease, β-thalassemia trait, and a recent diagnosis of stage 1 renal cell carcinoma status post partial right nephrectomy. The patient was admitted with a fever of 102F for 10 days, fatigue, and night sweats. Prior to the presentation, he had 3 months of intermitted low-grade fever, leukopenia and thrombocytopenia. Laboratory findings on admission included mild anemia (hemoglobin 11.0 g/dl; reference range 13.0-17.5 g/dl), leukopenia with absolute neutropenia (white blood cell count 2.0 k/μl; reference range 3.5-10.5 k/μl), thrombocytopenia (platelet count 36 k/μl; reference range 140-390 k/μl), markedly elevated LDH level (2083 U/l; reference range 0-271 U/l), and elevated liver enzymes. The infectious disease work-up during his hospital stay was negative, including cytomegalovirus, EBV, hepatitis viruses, respiratory viral panel and blood cultures. A PEC-CT for staging of renal cell carcinoma revealed marked splenomegaly with hypointense nodules, mild abdominal lymphadenopathy, and new lung nodules, concerning for possible metastatic carcinoma or lymphoma. A bone marrow biopsy was performed during his hospital stay, and revealed involvement by an EBERnegative NK-cell neoplasm (see details in Morphologic Findings). The patient's previous small bowel biopsy for celiac disease was re-reviewed and there was no morphologic or immunophenotypic evidence for T-or NK-cell lymphoma. The patient's clinical condition rapidly deteriorated and he developed sepsis, respiratory failure, and acute hemoglobin drop. The patient died on day 3 of admission (2 weeks after becoming acutely symptomatic). Patient 2 was a 48-year-old African-American male with a history of type 2 diabetes, who initially presented with fever of unknown origin, night sweats, myalgia, and headache. Laboratory findings at initial presentation included anemia (hemoglobin: 10.2 g/dl), leukopenia with absolute neutropenia (white blood cell count: 2.1 k/μl), thrombocytopenia (platelet count: 47 k/μl), and elevated LDH level (748 U/l; reference range 0-271 U/l). Extensive infectious disease work-up during his hospital stay was negative, including blood cultures, respiratory viral panel, serology tests for EBV, cytomegalovirus, and hepatitis viruses. He subsequently developed progressive worsening pancytopenia, acute renal failure, and markedly elevated ferritin, and was diagnosed with hemophagocytic lymphohistiocytosis. CT revealed marked hepatosplenomegaly, mild abdominal lymphadenopathy, and diffuse bone marrow signal abnormalities. A bone marrow biopsy was performed and showed findings consistent with hemophagocytic lymphohistiocytosis. Additionally, an abnormal lymphoid infiltrate was identified in the bone marrow, as well as in a subsequent liver biopsy, morphologically and immunophenotypically consistent with an NK-cell neoplasm that was EBER negative (see details in Morphologic Findings). The patient was treated with Etopside and Dexamethasone for hemophagocytic lymphohistiocytosis, and subsequently treated with EPOCH regimen (etoposide-prednisone-Oncovin-cyclophosphamide-hydroxydaunorubicin) for NK-cell lymphoma; however, he developed worsening cytopenias, severe sepsis, acute kidney injury and respiratory failure, and died in 3 months after the initial presentation.
Patient 3 was an 88-year-old Caucasian female with a prior history of chronic myelogenous leukemia with t(9;22)/BCR-ABL1(p210), treated with tyrosine kinase inhibitor and in hematologic remission, and breast carcinoma status post mastectomy. The patient presented to the Emergency Department with 2-3 weeks of abdominal pain, decreased appetite, nausea, and weakness. Physical exam revealed hepatosplenomegaly with no peripheral lymphadenopathy, which raised a clinical concern for chronic myelogenous leukemia progression. However, the BCR-ABL1 level remained stable with a value of 4.8% (IS). The laboratory findings on admission showed mild anemia (hemoglobin 11.1 g/dl; reference range 11.6-15.4 g/dl), normal white blood cell count, thrombocytopenia (platelet count 104 k/μl), elevated liver enzymes and alkaline phosphatase, lactic acidosis, and acute kidney injury. A PET-CT scan revealed marked hepatosplenomegaly, heterogeneity of the liver parenchyma with mass lesions, and mild abdominal lymphadenopathy. Serology tests for hepatitis viruses and viral culture for cytomegalovirus were negative. The patient's clinical status rapidly decompensated with progressive thrombocytopenia, multisystem organ failure, worsening coagulopathy, worsening metabolic acidosis, and acute kidney injury. The patient died on day 7 of admission. A diagnosis of EBER-negative aggressive NK-cell leukemia/lymphoma was made on postmortem evaluation.
In summary, our three patients had similar clinical presentations, including systemic symptoms (3 of 3), splenomegaly (3 of 3), hepatomegaly (2 of 3), progressive cytopenias (3 of 3), highly aggressive clinical course, and fatal outcome (3 of 3). Two patients died within the first week of admission (2-3 weeks after becoming acutely symptomatic), and one patient received therapy for hemophagocytic lymphohistiocytosis and lymphoma but died in 3 months after initial presentation. The clinical features of the three patients are summarized in Table 1 .
Morphologic Findings
The CBC of the three patients at presentation showed mild to moderate anemia (3 of 3), neutropenia (2 of 3), and thrombocytopenia (3 of 3). None of the patients had lymphocytosis; however, abnormal lymphocytes were identified in patients 1 and 2, but only rare atypical lymphocytes were seen in patient 3 on a retrospective review. The abnormal lymphocytes were variable in size ranging from intermediate to large cells with highly irregular nuclei, dense chromatin and pale blue cytoplasm with prominent azurophilic granules, readily recognizable as abnormal large granular lymphocytes ( Figure 1 ). Occasional atypical lymphocytes with dispersed chromatin, deeply basophilic cytoplasm, and inconspicuous granules were also present. The abnormal lymphocytes were increased in number with disease progression. Additionally, a leukoerythroblastic reaction was observed in all three patients with left shifted neutrophils and occasional nucleated red blood cells.
The bone marrow aspirate smears were available from patients 1 and 2, and showed scattered and loose clusters of abnormal lymphocytes ranging from normal size to large and highly pleomorphic forms; occasional cells close in size to a megakaryocyte were seen. These abnormal lymphocytes showed large nuclei, abundant pale blue cytoplasm, and prominent azurophilic granules (Figure 1) .
The bone marrow core biopsies from patients 1 and 2, and the vertebral bone obtained at autopsy from patient 3 were reviewed and showed abnormal lymphoid infiltrate in a background of hypercellular (85-90% cellular) bone marrow in all three patients. The abnormal lymphocytes demonstrated predominantly interstitial infiltration with focal subtle sinusoidal infiltration and involved 15-20% and 10% of the bone marrow in patients 1 and 2, respectively ( Figure 2 ). The neoplastic lymphocytes varied in size ranging from intermediate to large cells with prominent nucleoli, some resembling ReedSternberg cells. Occasional abnormal lymphocytes were present in the sinusoids (Figure 2 ). Patient 3 showed more profound bone marrow involvement (50-60%) with sheets of abnormal lymphocytes. The neoplastic cells were relatively monotonous, medium to large in size ( Figure 3) ; the large, ReedSternberg like cells seen in patients 1 and 2 were not present.
A liver core biopsy was performed in patient 2 and demonstrated abnormal, dense lymphoid infiltrate in the portal area composed of medium to large, highly pleomorphic cells similar to those seen in the bone marrow biopsy. A post-mortem examination of patient 3 showed markedly enlarged liver and spleen. The abnormal lymphoid infiltrate predominantly involved the portal areas in the liver with relatively mild sinusoidal infiltration ( Figure 4 ). The spleen was nearly completely replaced by the abnormal lymphoid infiltrate; large areas of necrosis were also present ( Figure 5 ). Additionally, the abnormal lymphoid infiltrate also involved lymph nodes, kidney, and adrenal glands with no or minimal involvement in other organs. The morphologic findings of the three cases are summarized in Table 2 .
Flow Cytometric Immunophenotyping, Immunohistochemistry, and Molecular Analysis for T-Cell Receptor Gene Rearrangement Flow cytometric analysis was performed on the bone marrow aspirate from patients 1 and peripheral blood from patient 2. A distinct NK-cell population with atypical immunophenotype was identified in the initial bone marrow biopsy from patient 1 (46% of the lymphocytes and 10% of the total cells) and in a peripheral blood sample obtained during disease progression from patient 2 (80% of lymphocytes and 30% of total cellular events). In both cases, the NK cells were surface CD3 − , CD2+, CD56+, CD57 − , CD4 − , CD8 − , CD5 − , TIA1+, granzyme B+, and perforin+, and negative for surface TCR αβ and γδ. The vast majority of NK cells in these two cases showed atypical phenotype including negative staining for CD7 (2 of 2) and lack of expression of killercell inhibitory receptor (KIR) CD158a/b/e (2 of 2) ( Figure 6 ). The surface CD3+ T cells showed a slightly inverted CD4 to CD8 cell ratio and were otherwise immunophenotypically unremarkable. The immunophenotype of case 3 (autopsy) was evaluated by immunohistochemistry on the bone marrow, liver, and spleen, and showed that the neoplastic cells were CD3+, CD5 − , CD7 − , CD4 − , CD8 − , CD43+, CD56+, TIA1+, and negative for TCR αβ and γδ (Figures 3-5) .
The neoplastic NK cells in the bone marrow core biopsy were best visualized by immunohistochemistry.
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Immunohistochemical stains for CD56 and TIA1 readily highlighted the abnormal lymphoid infiltrate in the bone marrow in all three patients; however, CD3 staining was variable with weak cytoplasmic staining in the medium to large cells in patient 1, negative staining in patient 2, and strong cytoplasmic staining in patient 3 (Figures 2 and 3) . CD30 marked the large, pleomorphic cells present in patients 1 and 2 ( Figure 2 ). Similar to the flow cytometric immunophenotyping, the abnormal NK cells were negative for all other T-cell (CD4, CD8, CD5, CD7) and B-cell-associated antigens (PAX5, CD20) examined, as well as negative for T-cell receptor αβ and γδ by immunohistochemistry. Immunostains for CD163 and/or CD68 were performed on the bone marrow biopsies to rule out a monocytic neoplasm and were negative (patients 1 and 2). In situ hybridization for EBER was performed on the bone marrow biopsy from patient 1, bone marrow and liver biopsies from patient 2, and liver and spleen tissues from patient 3, and were all negative (Figures 2 and 4) . RNA control in all three cases showed adequate preservation of RNA including the decalcified specimens (patients 1 and 2) . The results of immunophenotype assessed by flow cytometry and immunohistochemistry are summarized in Table 2 .
Molecular analyses for T-cell receptor gene rearrangement were performed on the bone marrow aspirate (patients 1 and 2) and spleen tissue (patient 3) and did not identify a clonal T-cell receptor gene rearrangement in all three patients. Cytogenetic analysis was performed on the bone marrow aspirate from patients 1 and 2, and revealed a complex karyotype in patient 1 and a normal karyotype in patient 2. The former showed two related complex clones likely representing clonal evolution, including multiple numerical and structural abnormalities and several marker chromosomes ( Table 2) .
Expression of EZH2, H3K27me3 and MYC, and FISH Analysis for c-MYC Gene
Since activation of PRC2 pathway has been implicated in the pathogenesis of T-and NK-cell lymphomas, particularly EBV-positive tumors, 10, 12, 14 we examined the key component of PRC2 pathway EZH2 and its effector H3K27me3 by immunohistochemistry. EZH2 expression and the staining pattern in normal lymphoid tissue has been reported previously. 15 In all three cases of the study, the neoplastic NK cells showed strong nuclear expression of EZH2 and H3K27me3 (Figure 7) . To explore the potential utility of the currently available immunotherapy, PD-L1 inhibitor, for this highly Figure 5 ). FISH for c-MYC was attempted on the bone marrow touch imprints from patients 1 and 2, but inadequate cells were available for analysis.
Next-Generation Sequencing
Next-generation sequencing was successfully performed on bone marrow aspirate of patient 1 and paraffin-embedded splenic tissue from patient 3. The tumor burden in bone marrow (patient 1) and splenic tissue (patient 3) were estimated at 15-20% and 70-80%, respectively. A median depth of read of 462 and 561 was achieved for specimens 1 and 3 respectively. A total of 1744 and 1708 variants were detected for these samples; however, using the bioinformatics pipeline mentioned in the method, 28 and 34 filtered variants were identified for patient 1 and patient 3, respectively. A complete list of these variants with their variant allele fraction are listed in Supplementary Tables S1 and S3. A total of 27 missense variants and one splice site substitution were identified in sample 1 using the mutant allele frequency threshold of 410%. All but one (DDX3X p.L514T, variant allele fraction: 12%) demonstrated a variant allele fraction of~50%, and as the tumor burden was 15-20% it was thought to represent single-nucleotide polymorphism. To further evaluate the presence of variants with lower allele frequency, a manual curation of variants with allele frequency between 5 and 10% was done and successfully identified eight more variants including IDH2 p.R140Q mutation (variant allele fraction: 5%), two TET2 mutations (p.P1894L, variant allele fraction: 5%, p.Q1903X, variant allele fraction: 5%), and a TP53 p.V197M mutation (variant allele fraction: 9%).
Splenic tissue from patient 3 demonstrated 34 alterations, including one frameshift deletion (SRSF3 p.F50fs*4, variant allele fraction:26%), one in frame deletion (STX11 p.L9del), three non-sense mutations (FOXP1 p.Gln173*, variant allele fraction: 26%; HIST1H3J p.Gln69*, variant allele fraction: 16%; TP53 p.Leu35*, variant allele fraction: 21%), 22 exonic missense variants, and 7 splice site variant. The missense variants included a PMS2 p.R563L (variant allele fraction: 55%) and an ATM p.D1853V Copy number changes were only tested in the autosomal chromosomes for regions covered by the assay. Bone marrow specimen (patient 1) showed no copy number changes seen across this panel. Splenic tissue from patient 3 showed amplification of the partial chr6p (including WHSC1L1) and chr8q (including NBN, RAD21, CSMD3, FGFR1, and MYC). The first two NK-cell neoplasms are aggressive and strongly associated with EBV infection. Aggressive NK-cell leukemia/lymphoma is a rare form of leukemia/lymphoma that preferentially affects Asians, 16 and commonly involves peripheral blood, EBV-negative aggressive NK-cell leukemia J Gao et al bone marrow, liver, and spleen although any organs can be affected. The neoplastic cells show a range of morphology from relatively normal-appearing large granular lymphocytes to highly atypical cells with ample cytoplasm and azurophilic granules. The bone marrow may show subtle, focal or diffuse involvement and may associate with hemophagocytosis. 1 The immunophenotype of aggressive NK-cell leukemia/lymphoma is suggestive of a neoplastic counterpart of a normal NK cell that has undergone activation and transformation after EBV infection. 17, 18 Evidence of EBV infection is a key diagnostic feature of aggressive NK-cell leukemia/lymphoma. EBVnegative aggressive NK-cell leukemia/lymphoma is rare and its clinicopathological features are not well recognized. There are anecdotal case reports in the literature describing neoplastic proliferation of NK cells with aggressive clinical course but no EBV association. [2] [3] [4] [5] 19 Two small series on typical EBVpositive aggressive NK-cell leukemia/lymphoma included 2 out of 13 and 2 out of 14 EBV-negative patients. 6, 7 One of the small series reported the absence of EBV had no prognostic significance as both EBV-negative patients died of aggressive disease within 1-2 months. 6 The other series reported patients with EBV-negative aggressive NK-cell leukemia/lymphoma had a less aggressive clinical course and a longer survival than EBV-positive 47~60,XY,+X,+Y,+1,ider(1)(q10) add(1)(q32),+3,+4,+6,+7, − 9,+10, +11,+13, add(13)(q34),+14,+14,+18, +19,+20,add(21)(p11.3),+add(21) p11.1)x3,+mar1,+mar2+mar3[cp5] Clone2: 83, idem,+X,+2,+3,+3,+5,+5,+6,+7, +8,+9,+9,+10,+1,del(11)(q23),+12, +add(13)(q34),+15,+16,+20,+22 [3] Normal: 46,XY [12] 46, XY [20] NA Abbreviations: FC, flow cytometry; IHC, immunohistochemistry; NA, not available; PRC, polycomb repressive complex.
EBV-negative aggressive NK-cell leukemia patients (11.5 vs 1.5 months). 7 Recently, Nicolae et al. published a series of seven patients with EBVnegative aggressive NK-cell leukemia/lymphoma, and six died of the disease including five that died within 8 weeks from the onset of symptoms. The only survivor received allogeneic bone marrow transplant. 9 In the present study, we evaluated clinicopathological features of three cases of EBV-negative aggressive NK-cell leukemia/lymphoma from our institution, including a case diagnosed on postmortem examination. All three patients were nonAsian (two Caucasians, one African-American) and showed typical clinical features of aggressive NK-cell leukemia/lymphoma, including systemic symptoms, involvement of peripheral blood, bone marrow, liver and spleen, and fulminant clinical disease course. Two of the three patients (patients 1 and 3) died within the first week of admission and 2-3 weeks of onset of symptoms, and Patient 2 died in 3 months despite receiving chemotherapy. The diagnosis of EBV-negative aggressive NK-cell leukemia/lymphoma was made on the bone marrow biopsy in patient 1, bone marrow and liver biopsies in patient 2, and postmortem examination in patient 3. Although some of the previous reports hinted at a more indolent clinical course of patients with EBV-negative aggressive NKcell leukemia/lymphoma, 2, 5, 7, 19 our findings indicate that the EBV-negative aggressive NK-cell leukemia/ lymphoma is highly aggressive and shares similar clinical features to EBV-positive counterpart, which is in agreement with the findings of the most recent study by Nicolae et al. 9 Interestingly, the Asian predilection of EBV-positive aggressive NK-cell leukemia/lymphoma is not observed in this small series of EBV-negative cases (2 Caucasians, one AfricanAmerican), which is also in agreement with the report by Nicolae et al (five white, one black, and one Asian). 9 An early diagnosis of EBV-negative aggressive NK-cell leukemia/lymphoma is difficult. The acute presentation of fevers and splenomegaly and occasional atypical lymphocytes in the blood smear may subject the patient to an extensive infectious workup, as was the case in two of our three patients. When a bone marrow biopsy is performed, the abnormal NK-cell infiltrate could be overlooked due to interstitial infiltration in a background of a hypercellular bone marrow. To make the initial recognition of the disease in the bone marrow even more challenging is the negative immunostaining for CD3 in some cases, as seen in patient 2 in this series, as well as negative staining for EBER. The NK-cell nature of the abnormal lymphocytes was confirmed in this study by flow cytometric analysis, a battery of immunohistochemical stains and the absence of a clonal T-cell receptor gene rearrangement by molecular analysis. Additionally, aggressive NK-cell leukemia/lymphoma is associated with a high incidence of hemophagocytic lymphohistiocytosis, which occurred in one of our patients (patient 2) at initial presentation. The interstitial atypical lymphocytes in the bone marrow could be masked or interpreted as secondary to hemophagocytic lymphohistiocytosis. Patient 3 in this study had a history of chronic myelogenous leukemia and presented with marked hepatosplenomegaly thought to be chronic myelogenous leukemia progression, and the patient died 3 days after admission before obtaining any tissue biopsy. The post-mortem examination showed extensive abnormal lymphoid infiltration in the bone marrow, liver, spleen, and lymph EBV-negative aggressive NK-cell leukemia node. The initial immunohistochemical stains (CD3+, CD5 − , CD4 − , CD8 − , CD56+, CD57 − , TIA1+, βF1 − , EBER − ) suggested the possibility of a hepatosplenic T-cell lymphoma; however, the infiltrative pattern in the bone marrow (interstitial without apparent intrasinusoidal) and spleen (extensive involvement of both white and red pulp) and lymph node involvement are not typical for hepatosplenic T-cell lymphoma. Additional studies done retrospectively on this case confirmed the NK-cell nature of the neoplastic cells, including negative staining for TCRαβ and γδ, and absence of a clonal T-cell receptor gene rearrangement by PCR.
The results of our study indicate that EBER negativity or even CD3 negativity by immunohistochemistry does not rule out the possibility of an aggressive NK-cell neoplasm. In our three cases, CD56 and TIA1 were the consistent positive markers that readily highlighted the neoplastic infiltrate in the bone marrow. In fact, the positive staining for CD56 in the highly pleomorphic cells in the bone marrow biopsy from patient 2 was the first clue leading to the further work-up for an NK-cell neoplasm since the neoplastic cells were negative for CD3 and other T-cell antigens (CD5, CD7, CD4, CD8) in the initial immunohistochemical panel.
Flow cytometric analysis was performed on the bone marrow aspirate in patient 1 and peripheral blood in patients 2, and revealed significantly increased proportion of NK cells within the lymphocyte population in both patients. The NK cells demonstrated aberrant immunophenotype, including negative staining for CD7 (3 of 3) and lack of expression of all three CD158 isoforms in over 90% of NK cells (3 of 3). Thus, flow cytometric analysis, particularly when performed on a blood sample, may serve as an early clue and prompt further work-up to evaluate for the possibility of an NK-cell neoplasm. Careful examination of the blood smears is important. Although lymphocytosis was not present in any of our three patients, abnormal lymphocytes with azurophilic granules were identified in two of three patients at the time of diagnosis.
A variety of cytogenetic abnormalities have been reported in aggressive NK-cell leukemia/lymphoma. A complex karyotype is most common and was reported in eight of nine cases of EBV-positive aggressive NK-cell leukemia/lymphoma. 20 Suzuki et al 6 examined 19 cases of aggressive NK-cell leukemia/lymphoma with cytogenetic findings and reported 10 with abnormal cytogenetic findings, among which 7 were complex karyotype. Cytogenetic analysis was performed on the bone marrow aspirate in two of our patients, and revealed a complex karyotype in one patient. A normal karyotype was seen in another patient who had a relatively low-level bone marrow involvement by NK leukemia/lymphoma.
EBV infection is a well-known factor in T-and NK-cell tumorgenesis although the exact mechanism is still unknown. Most of these tumors demonstrate a cytotoxic phenotype, suggesting that they probably arise from cells activated or transformed during EBV infection. The malignant transformation of NK cells may also be triggered by other etiologic factors independent of EBV infection. Gene expression profiling performed on the extranodal nasal-type NK/T-cell lymphoma showed deregulation of p53 and activation of MYC and NF-kappa B, possibly driven by EBV LMP-1, resulting in the upregulation of survivin. 11 More recently, the role of PRC2 pathway has been implicated in the pathogenesis of T-and NK-cell lymphomas. 10, 12, 14 PRC2 is a multiprotein complex composed of several core components including EZH2, a histone methyltransferase responsible for epigenetic silencing of target genes via trimethylation of H3K27. Increased or unchecked PRC2 activity hypermethylates H3K27 and leads to the repressing of tumor suppressor genes. EZH2 is one of the genes that is differentially overexpressed in extranodal nasal-type NK/T-cell lymphoma identified by genome-wide expression profiling. 11 Knock-down of EZH2 by a PRC2 inhibitor in nasal NK/T-cell lymphoma cell lines results in cell growth inhibition, indicating that EZH2 overexpression confers growth advantage in the neoplastic NK/T cells. 12 Kim et al. 10 studied the activation of PRC2 and expression of H3K27me3 by immunohistochemistry in 175 cases of various types of T-and NK-cell lymphomas and found overexpression of EZH2 and H3K27me3 in 54.7% and 40.5% patients, respectively. These studies provide strong evidence that activation of PRC2 pathway plays an important role in the pathogenesis of NK/T-cell neoplasms. Although previous studies have identified EBV infection as an epigenetic driver that results in the aberrant methylation of PRC-target genes, 21, 22 it is possible that factors other than EBV may also function in a similar manner. The association between MYC and PRC2 pathway has been reported in various cancer types including hematologic malignancy. [23] [24] [25] [26] MYC interacts with PRC2 through EZH2 and other cofactors such as SUZ12/EED, and is responsible for inducing histone modification of H3K27me3. 23, 27, 28 Kim et al 10 also studied the relationships of PRC proteins with MYC, EBV infection, and CD30 in NK/T-cell lymphomas, and reported that MYC expression was highly associated with co-activation of PRC2 proteins, and MYC expression but not EBV infection was positively correlated with CD30 expression.
In this study, we evaluated the key component of PRC2 pathway EZH2 and its effector H3K27 and showed overexpression of EZH2 and trimethylated H3K27 in all three cases of EBV-negative aggressive NK-cell leukemia/lymphoma, suggesting the activation of PRC2 pathway. Additionally, the possible activator of PRC2 pathway c-MYC and CD30 were also examined, and showed overexpression of c-MYC in the neoplastic NK cells in all three cases and CD30 expression in two of three cases. The findings are similar to what have been reported in other types of EBV-positive NK/T-cell lymphomas. [10] [11] [12] We further performed FISH analysis for c-MYC gene and showed amplification (≥ 5 copies) in 56.5% of neoplastic NK cells in spleen tissue from patient 3; no c-MYC rearrangement was identified. It is reasonable to assume that the overexpression of MYC in patient 3 is likely secondary to the c-MYC amplification. Unfortunately, FISH was unsuccessful in patients 1 and 2 due to inadequate cells present in the bone marrow touch imprints. Although our case series is small, the results provide evidence that the PRC2 pathway is likely activated and may be associated with overexpression of c-MYC in EBV-negative aggressive NK-cell leukemia/lymphoma, similar to previously reported in other types of EBV-positive NK/T-cell lymphomas. 10 However, further studies on a larger number of patients with aggressive NK-cell leukemia/lymphoma are needed to confirm the findings. Understanding the role of dysregulated PRC2 pathway and its triggering factors in aggressive NK-cell leukemia/lymphoma is important and may have therapeutic implication for targeted therapy as aggressive NK-cell leukemia/lymphoma are refractory to chemotherapy. Additionally, we found strong expression of PD-L1 and CD30 in two of the three patients, suggesting potential application of PD-1 inhibitor or anti-CD30 antibodies as therapeutic options for aggressive NK-cell leukemia/lymphoma.
Prior studies investigating mutational landscape of EBV-associated extranodal NK/T-cell lymphomas have reported recurrent mutations in genes involved in JAK-STAT pathway(STAT3, JAK3) and chromatin modification (MLL2, BCOR) as well as tumor suppressor genes (TP53, FAS). [29] [30] [31] [32] Among these, the mutations leading to activation of the JAK-STAT pathway are shown to play a significant role in pathogenesis of these neoplasms. 29, 33 Genetic alteration in EBV-negative NK/T-cell lymphoma is unclear. A recent study performed limited sequencing on two of these lymphomas and found point mutations of STAT3 gene on both cases. 9 In the present study, we successfully performed nextgeneration sequencing on two of three cases using a comprehensive panel that included full exon sequencing of 1212 genes; however, no mutation in genes associated with JAK-STAT pathway was identified. The results suggest that alternative molecular mechanisms may be involved in the pathogenesis of EBV-negative aggressive NK-cell leukemia/ lymphoma. One of our cases demonstrated several somatic alterations, including frameshift mutation in SRSF3, stop gain mutations in TP53, FOXP1, HIST1H3J, and a novel hemi-zygote mutation in ATM gene. The other case (case 1) also included a TP53 mutation as well as hot-spot mutation of IDH2 gene and two mutations of TET2 gene. Notably, as the specimen for the latter case was a bone marrow aspirate with 15-20% involvement by lymphoma, we could not confirm if these mutations were from the lymphoid cells rather than myeloid elements although there was no morphologic evidence of a myeloid neoplasm.
In summary, the results of our study indicate that the EBV-negative aggressive NK-cell leukemia/lymphoma share similar clinical and morphologic features to EBV-positive NK-cell leukemia/lymphoma except for the high prevalence of Asians seen in EBV-positive cases. Awareness of this rare EBV-negative variant of aggressive NK-cell leukemia/lymphoma is important in early diagnosis of this highly aggressive disease. The evidence of activation PRC2 pathway and expression of PD-L1 and CD30 in the neoplastic NK-cell suggest potential therapeutic targets for this disease. Next-generation sequencing did not identify JAK-STAT pathway-associated gene mutations previously reported in EBV-positive NK/T-cell lymphoma, suggesting alternative molecular pathogenic mechanisms for EBV-negative aggressive NK-cell leukemia/lymphoma.
